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Abstract

Background

It is known that local tissue injuries incurred by snakebites are quickly instilled causing

extensive, irreversible, tissue destruction that may include loss of limb function or even

amputation. Such injuries are not completely neutralized by the available antivenins, which

in general are focused on halting systemic effects. Therefore it is prudent to investigate the

potential antiophidic effects of natural and synthetic compounds, perhaps combining them

with serum therapy, to potentially attenuate or eliminate the adverse local and systemic

effects of snake venom. This study assessed a group of quinones that are widely distributed

in nature and constitute an important class of natural products that exhibit a range of biologi-

cal activities. Of these quinones, lapachol is one of the most important compounds, having

been first isolated in 1882 from the bark of Tabebuia avellanedae.

Methodology/Principal findings

It was investigated the ability of lapachol and some new potential active analogues based

on the 2-hydroxi-naphthoquinone scaffold to antagonize important activities of Bothrops

venoms (Bothrops atrox and Bothrops jararaca) under different experimental protocols in

vitro and in vivo. The bioassays used to test the compounds were: procoagulant, phospholi-

pase A2, collagenase and proteolytic activities in vitro, venom-induced hemorrhage, edema-

togenic, and myotoxic effects in mice. Proteolytic and collagenase activities of Bothrops

atrox venom were shown to be inhibited by lapachol and its analogues 3a, 3b, 3c, 3e. The

inhibition of these enzymatic activities might help to explain the effects of the analogue 3a in

vivo, which decreased skin hemorrhage induced by Bothrops venom. Lapachol and the syn-

thetic analogues 3a and 3b did not inhibit the myotoxic activity induced by Bothrops atrox
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venom. The negative protective effect of these compounds against the myotoxicity can be

partially explained by their lack of ability to effectively inhibit phospholipase A2 venom activ-

ity. Bothrops atrox venom also induced edema, which was significantly reduced by the ana-

logue 3a.

Conclusions

This research using a natural quinone and some related synthetic quinone compounds has

shown that they exhibit antivenom activity; especially the compound 3a. The data from 3a

showed a decrease in inflammatory venom effects, presumably those that are metalloprotei-

nase-derived. Its ability to counteract such snake venom activities contributes to the search

for improving the management of venomous snakebites.

Introduction

Snakebites occur worldwide causing disabling injuries and death with serious social impact,

most often in Africa, Asia and Latin America [1,2]. This burden of human suffering caused by

snakebite is ignored by most of the global health community and overlooked by development

agencies and governments. Only in April 2009 this problem was included in the World Health

Organization List of Neglected Tropical Diseases [3]. Annually in the world it is estimated that

more than two million ophidian accidents occur, resulting in 400,000 amputations and around

125,000 deaths [4–7]. Severe venom-induced tissue damage derives from a cocktail of pharma-

cologically active proteins and toxins, which exhibit various enzymatic and non-enzymatic

properties [7,8]. Snakes from the Bothrops genus are responsible for the vast majority of ophid-

ian accidents in Central and South Americas, and Bothrops atrox is the major representative of

this genus in the Brazilian Amazon.

The venoms of other snakes in the Bothrops genus also have notable biological actions,

however, with varying intensities. As it relates to hemorrhagic activity, Bothrops jararaca is

known to have one of the most intense actions. Because of this there are numerous studies

involving B. jararaca venom and its hemorrhagic effects, such as the isolation and characteri-

zation of jararhagin, the first metalloproteinase isolated from B. jararaca venom with its com-

plete primary structure characterized [9]. This study opened new doors for protein

classification and structure/function studies of snake venom metalloproteinases (SVMP’s).

The recommended treatment for ophidian accidents is either specific or polyvalent antiven-

oms, which in turn have limited effectiveness against the toxins involved in local tissue effects

[10–14]. The use of potentially medicinal plants to halt the effect of snake venoms has been

proposed by previous studies [15–19]. Our group has been particularly interested in the search

for new and effective pharmacologically active plant compounds used in folk medicine to treat

or prevent damage caused by accidents with venomous snakes [20–24]. Tabebuia impetiginosa
(Bignoniaceae) is an evergreen, canopy tree, with pink, yellow, white and purple flowers found

predominantly in the Amazon rain forest, but can also be found all over South America [25].

Lapachol (2-hydroxy-3-(3-methyl-2-butenyl-)-1,4-naphtoquinone, C15H14O3, molecular

weight 242.2738 g/mol. (Fig 1) was first isolated from Tabebuia impetiginosa in 1858, and was

initially shown to exhibit antimalarial, antitumor, antifungal, leishmanicidal, bactericidal and

antiparasitic activities. Due to its toxicity, however, studies were eventually discontinued [26–

27]. Lapachol has been used as starting point to obtain new bioactive quinones that exhibit

interesting pharmacological profiles [28–30]. Previous work with naphthoquinones
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structurally related to lapachol demonstrated activity against muscle damage induced by

Bothrops jararacussu venom [29]. The present research was aimed at exploring, for the first

time, the activity of lapachol against snake venoms. This prompted us to study the potential

activity of the analogues based on the 2-hydroxi-naphthoquinone scaffold, which had been

previously synthesized (Fig 1) [31], investigating their effects against some important activities

of crude Bothrops atrox and Bothrops jararaca venoms under different experimental protocols

in vivo and in vitro.

Material and methods

Bothrops jararaca and Bothrops atrox venoms were collected from 15–30 snakes above 4 years

old belonging to the serpentarium of Instituto Vital Brazil, Niterói, Brazil; creatine kinase

(CK) activity was determined using a CK NAC kit from BIOCLIN; adult male Swiss mice were

provided by the Rodent Vivarium of the Institute of Microbiology Paulo de Góes–UFRJ (Fed-

eral University of Rio de Janeiro). Mice weighing 25.0 ± 1.0 g used for the study received water

and food ad libitum and were kept under a natural light cycle. Lapachol was purchased from

Sigma Aldrich, St.Louis, USA, and lapachol analogues were obtained by the Institute for Natu-

ral Products Research (Instituto de Pesquisas de Produtos Naturais Walter Mors–UFRJ). All

compounds were used for assessing enzymatic activities (proteolytic, phospholipase and colla-

genase), and of the two most efficient ones, i.e. compounds 3a and 3b, the first was chosen to

be tested in all in vivo and in vitro experiments due to higher availability. All protocols were

approved by the Ethics Committee for the Use of Animals of the Federal University of Rio de

Janeiro (CEUA-UFRJ-N˚ DFBCICB072-04/16, following the Guide for the Care and Use of

Laboratory Animals, from the National Academy of Sciences, 2011), where all the procedures

that could cause pain were performed under anesthesia.

Venom proteolytic activity

The proteolytic activity assay was carried out as previously described [32]. Bothrops atrox
venom (10 μg/mL) was preincubated with lapachol and analogues (3–100 μM) for 30 min at

37˚C. Substances were dissolved in DMSO and added up to 3 μL to solutions. Venom alone or

the preincubated mixtures were added to a solution containing 400 μL of 0.2% azocasein,

200 μL of 0.2 M Tris-HCl (pH 8.8) with CaCl2 (20 mM) and distilled water (200 μL qsp). The

reaction continued for 90 min at 37˚C and was stopped by the addition of 400 μL of 15% tri-

chloroacetic acid solution, and then centrifuged at 10,000 rpm. Then 1.0 mL of the supernatant

was collected and mixed with 0.5 mL NaOH (2.0 M). This final solution was analyzed by

Fig 1. Lapachol (1) and analogues (2–4).

https://doi.org/10.1371/journal.pone.0211229.g001
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spectrophotometry at an absorbance of 420 nm. Negative controls with pure DMSO were used

for each compound and its absorbance subtracted from treatment group.

Venom collagenase activity

Bothrops atrox venom collagenase activity was assessed by a colorimetric method adapted

from previous studies [33]. A 0.3% azo-dye impregnated collagen solution (Azocoll, Sigma

Aldrich, St.Louis, USA) was prepared with Tris-HCl 0.2 M pH 7.5 as buffer. To each assay

tube 200 μL of this solution was added, plus 6 μL of a solution of 1 M CaCl2 (20 mM) and final

volume (300 μL) adjusted with distilled water. Venom (50 μg/mL), lapachol and analogues at

different concentrations (10–100 μM) were added and its volumes were subtracted from dis-

tilled water. Tested substances were dissolved in DMSO and added up to 10 μL to solutions.

Tubes were maintained at 37˚C for 90 min and stirred gently every 10 min. At the end of this

period, tubes were centrifuged at 10,000 rpm for 2 min and the supernatant absorbance was

measured on spectrophotometry at an absorbance of 520 nm. Negative controls with pure

DMSO were used for each compound and its absorbance subtracted from treatment group.

Hemorrhagic activity

Besides B. atrox, the venom of B. jararaca was also used in the protocol of hemorrhagic activity

due to its marked ability to cause bleeding. The hemorrhagic effect was induced by an intra-

dermic (i.d.) injection of 0.1 mL of B. jararaca and B. atrox venom (1 mg/kg) in the abdomen

of mice and quantified as previously described [21]. The negative control received 0.1 mL of

physiological saline solution (PSS) (mM: 135 NaCl, 5 KCl, 2 CaCl2, 1; MgCl2, 1 NaHPO4, 15

NaHCO3, 11 dextrose) i.d. injection. To evaluate the antihemorrhagic activity of 3a com-

pound, Bothrops venom dissolved in PSS was first incubated with the 3a (1–10 mg/kg) for 15

min at room temperature prior to i.d. injection. Two hours after the venom injection, animals

were killed under anesthesia, and the skin covering the abdomen was removed, stretched, and

dried at room temperature for 72 h. The skin was then fixed to a lucite base plate, and the

entire area at the injection site and the surrounding area were transilluminated using an incan-

descent light. Light transmitted over an area of 109 mm2 was read and registered as arbitrary

units of absorbance (a.u.).

Thigh edema

The induction of edema was evaluated by an intramuscular injection of 50 μL Bothrops atrox
venom (1 mg/kg) at the posterior aspect of the right thigh, and PSS was used as negative con-

trol. To evaluate the anti edematogenic activity, the venom dissolved in PSS was first incubated

with lapachol and analogues 3a and 3b (3–30 mg/kg) for 15 min at room temperature prior to

injection. Edema was measured with a digital micrometer caliper, evaluating the anteroposter-

ior length and the mediolateral width of mice thigh at 0, 15, 30, 60, 90, 120 min [34].

Phospholipase A2 activity

Phospholipase A2 activity was assessed by adapting the turbidimetric assay described previ-

ously [35]. Substrate was prepared with a 10% chicken egg yolk solution in 150 mM NaCl.

Each assay tube was prepared by taking a final volume (0.25 mL) of a 0.6% dilution of the egg

suspension and adding it to a solution containing 150 mM NaCl, 10 mM CaCl2, 0.01% tauro-

cholic acid, and 5.0 mM Tris–HCl (pH 7.4). The reactions were started by adding 10 μg/mL of

Bothrops atrox venom alone or preincubated for 30 min at 37˚C with lapachol and analogues

Lapachol and analogues against snake venom
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(100 μM). The absorbance of the solutions was read in ELISA at 925 nm before and 30 min

after starting the reactions, and data was expressed as percentage of venom activity [34].

Myotoxicity in vitro
Muscle damage in vitro was assessed by measuring the rate of creatine kinase (CK) release

from isolated mouse muscles and performed as previously described [21, 36, 37]. Briefly,

mouse extensor digitorum longus (EDL) muscle was removed and superfused continuously

with PSS. The pH of this solution was equilibrated to 7.3 with carbogen. During the superfu-

sion, the muscles were exposed to Bothrops atrox venom (25 mg/mL), and venom plus ana-

logue 3a (100 μM) that was added to PSS. Perfusion samples were collected at 30 min intervals

and replaced with fresh solution. The collected samples were stored at 4˚C and their CK activ-

ity was determined according to previously described procedures [36, 38]. At the end, muscles

were weighted. The CK activity was expressed in international units (U), where 1 U is the

amount that catalyzes the transformation of 1 μmol of substrate at 25˚C. The rate of CK release

from the isolated muscle was expressed as enzyme units released into the medium per gram

per hour of collection (U.g-1. h-1).

Myotoxicity in vivo
Myotoxicity of B. atrox venom was assessed in vivo by measuring the increase of plasma CK

activity induced by intra-muscular (i.m.) injection of venom alone or associated with lapachol

or analogues 3a and 3b. The venom was dissolved in PSS to a final volume of 0.1 mL (1.0 mg/

kg) and was injected into the rear thigh of the mice as described previously [21, 37, 38]. Nega-

tive controls consisted of mice injected with the same volume of PSS. To evaluate the antimyo-

toxic activity, the venom dissolved in PSS was first incubated with lapachol and analogues 3a

and 3b (30 mg/kg) for 15 min at room temperature prior to injection. Blood was collected

under anesthesia from the orbital plexus with heparinized capillaries, immediately before and

two hours after venom injection, and CK activity in plasma was determined with UV spectro-

photometry at 340 nm, according to previously described procedures [36,38].

Clotting time

The clotting time was assessed by the modified Lee-White method [39]. The animals were

grouped and about 50 μL of blood were collected from the orbital plexus using non-heparin-

ized microhematocrit capillary tubes. Before collecting blood, the tubes were filled with 20 μL

of PSS; Bothrops atrox crude venom (1 μg/μL); and venom pre-incubated for 30 min with 3a

compound (100 μM). The clotting time was determined and compared among the different

groups (three groups with 8–11 mice each).

Statistical analysis

Data were expressed as mean ± SEM. The number of experiments performed is provided in

the legends of the figures, for instance as (n = 5), meaning there were five samples analyzed in

one experiment. One-Way Analysis of Variance (ANOVA) was used to compare groups with

one variable, followed by Dunnett’s post-hoc test. For two variables, the Two-Way Analysis of

Variance (ANOVA) was used followed by Bonferroni’s post-hoc test. The p value <0.05 was

used to indicate a significant difference between means. The software GrapPad Prism version

5.01 was used to provide statistical analysis. Graphs were made using Sigmaplot program ver-

sion 10.0.

Lapachol and analogues against snake venom
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Results

Proteolytic activity

Bothrops atrox venom induced the hydrolysis of azocasein in a concentration-dependent man-

ner (Fig 2, panel A). The incubation of 10 μg/mL of the venom with lapachol and its analogues

(100 μM, Fig 2, panel B) antagonized its proteolytic activity, being inhibited in a concentra-

tion-dependent manner by lapachol (1) and the analogues 3a, 3b, 3c, 3e (3–100 μM) (Fig 2,

panel C). Analogues 2 and 4 showed no effect.

Collagenase activity

Bothrops atrox venom induced the release of the Azo group from the substrate (Azocoll),

increasing the absorbance in a concentration-dependent manner (Fig 3, panel A). The incuba-

tion of 50 μg/mL of the venom with lapachol and analogues 3a, 3b and 3e (100 μM, Fig 3,

panel B) antagonized its collagenase activity. Analogues 2 and 4 showed no effect. Lapachol (1)

and analogues 3a, 3b, 3e (10–100 μM, Fig 3, panel C) antagonized venom collagenase activity

in a concentration-dependent manner.

Hemorrhagic activity

The intradermic injection of Bothrops venoms (1 mg/kg) in mice induced a severe hemor-

rhagic skin damage surrounding the region injected, with measurement of light absorbance

and expression in arbitrary units (a.u.). The value of absorbance was around 250–350 a.u. with

PSS injection, while venom injection reached up to 500 a.u. for B. atrox and 760 a.u for B. jar-
araca, respectively. The venom preincubation with compound 3a at 1 mg/kg and 3 mg/kg

abolished hemorrhage induced by B. atrox venom (Fig 4, panel A). On its turns, the inhibition

of B. jararaca venom was was higher than 70% with 10 mg/kg of compound 3a (Fig 4, panel

B).

Edematogenic activity

Following intramuscular injection of B. atrox venom (1 mg/kg; 50 μL) into the hind limb, the

animals presented a significant increase in thigh area, as represented by the area under the

curve (a.u.c.) comparing with PSS injection. When preincubated with compound 3a (3 and 10

mg/kg), edematogenic activity of the venom was significantly decreased (Fig 5, panels A and

B). In another set of experiments, a higher dose of compound 3a was tested along with lapachol

and compound 3b, all at 30 mg/kg. Again, compound 3a significantly antagonized edemato-

genic activity of the venom, while compound 3b did not show statistically significant effect,

nor did lapachol (Fig 5, panels C and D).

Phospholipase A2 activity

The turbidimetric assay for phospholipase A2 (PLA2) activity showed that the venom of B.

atrox reduced the turbidity of egg yolk solutions (0.360 ± 0.004 absorbance units at 925 nm,

for the concentration of 10 μg/mL), compared to the negative control (0.641 ± 0.028 absor-

bance units). This difference was considered as 100% of venom PLA2 activity. Lapachol and

analogues 2, 3a, 3b, 4c and 4d (100 μM) decreased the enzymatic activity of 10 μg/mL of

venom down to 84.9 ± 2.0%, 66.3 ± 2.0%, 74.9 ± 3.0%, 75.6 ± 2.9%, 90.5 ± 0.6% and

84.1 ± 2.1%, respectively (Fig 6).
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Fig 2. Proteolytic activity of B. atrox venom, and the effect of lapachol and analogues. Panel A shows proteolytic activity curve of B. atrox venom (1–10 μg/mL)

(n = 5). Panel B shows the inhibition of B. atrox venom (10 μg/mL) by lapachol (1) and analogues (numbers 2–4) at 100 μM (n = 5). Panel C shows the inhibition of

proteolytic activity by lapachol and compounds 3a, 3b, 3c and 3e in a concentration-dependent way (n = 5). One-way ANOVA Dunnett’s post-hoc test � p<0.05 vs B.

atrox venom (Panel B).

https://doi.org/10.1371/journal.pone.0211229.g002
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Fig 3. Collagenase activity of B. atrox venom, and the effect of lapachol and analogues. Panel A shows the collagenase activity curve of B. atrox venom (10–50 μg/

mL) (n = 5). Panel B shows the inhibition of B. atrox venom (50 μg/mL) by lapachol (1) and analogues (numbers 2–4) at 100 μM (n = 5). Panel C shows the inhibition of

collagenase activity by compounds 1, 3a, 3b and 3e in a concentration-dependent way (n = 5). One-way ANOVA Dunnett’s post-hoc test � p<0.05 vs B. atrox venom.

https://doi.org/10.1371/journal.pone.0211229.g003
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Myotoxic activity

In vitro myotoxic observations demonstrated that B. atrox venom induced a time-dependent

increase in the rate of CK release from basal to values that reached up to 15–20 U.g-1.h-1 after

90 min of EDL muscle exposure to venom. When we added the compound 3a to the venom

solution, it did not change the rate of CK release induced by the venom (Fig 7, panel A).

Besides, mice injected with the venom of B. atrox (1 mg/kg) presented, two hours after venom

injection, an increased activity of CK in plasma, which ranged from 255.89 ± 59 U/L in the

group receiving the PSS solution, up to 1938.63 ± 252.56 U/L in the group receiving the

venom. Preincubation of venom with lapachol (1) and analogues 3a, 3b (30 mg/kg) did not sig-

nificantly inhibit the myotoxic activity of the venom 2 h after venom injection (Fig 7, panel B).

Blood clotting activity

The venom of B. atrox (1 μg/mL) induced an intense decrease in the clotting time of 50 μL of

blood collected from the conjunctival sac of anesthetized mice, from control values of

254 ± 26.05 s down to 27.28 ± 5.73 s (Fig 8). The compound 3a did not inhibit the procoagu-

lant activity induced by the tested venom.

Discussion

This study demonstrated that some synthetic naphthoquinones structurally related to lapachol

were able to antagonize some activities of Bothrops snake venoms. Naphthoquinones are

Fig 4. Hemorrhagic activity of Bothrops venoms in mouse skin: Effect of analogue 3a. Data demonstrates skin hemorrhage after intradermic

injection of Bothrops venom in the presence of analogue 3a at 1 and 3 mg/kg (for B. atrox, panel A) and 1 and 10 mg/kg (for B. jararaca, panel B)

(n = 8). One-way ANOVA Dunnett’s post-hoc test � p<0.05 vs B. atrox venom.

https://doi.org/10.1371/journal.pone.0211229.g004
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compounds widespread in nature playing important physiological roles in animals and plants.

Previous studies described that secondary metabolites bearing in their structure the 1,4- and

1,2-naphthoquinone moieties have been isolated from plants and exhibit interesting biological

activities [40]. In addition, lapachol (2-hydroxy-3-prenyl-1,4-naphthoquinone), found in

Tabebuia species, showed to be active against the Walker-256 carcinoma and Yoshida Sarcoma

cells [29, 41, 42].

The present data from experiments using Bothrops atrox venom as source of different active

enzymes confirmed an important proteolytic activity of this crotalid venom. The proteolytic

effects on the azocasein and azocollagen substrates were concentration-dependent, and those

activities were significantly inhibited by lapachol and some of its synthetic analogs. These

results corroborate previous investigations using compounds isolated from so-called antiophy-

dic plants, belonging to different classes of natural products and showing antagonism of snake

venom proteolytic activities [20, 24, 43, 44].

Fig 5. Effect of analogue 3a on B. atrox venom edematogenic activity. Panels A and B show edema variation after injection of PSS, B.

atrox venom (1 mg/kg) alone or associated with analogue 3a (3 and 10 mg/kg), and resulting areas under the curves, respectively (n = 5).

Panel C shows edema when incubated with lapachol (1) and analogues 3a and 3b at 30 mg/kg, with the respective areas under the curves

(Panel D). (n = 5). Two-Way ANOVA Bonferroni’s post-hoc test � p<0.05 vs B. atrox venom (Panels A and C). One-way ANOVA

Dunnett’s post-hoc test � p<0.05 vs B. atrox venom (Panels B and D).

https://doi.org/10.1371/journal.pone.0211229.g005

Fig 6. Effect of lapachol and analogues on B. atrox venom phospholipase A2 activity. Data show the PLA2 activity

of B. atrox venom alone (10 μg/mL) (considered as 100% activity) or preincubated with lapachol (1) and analogues

(numbers 2–4) at 100 μM (n = 6). One-way ANOVA Dunnett’s post-hoc test �p< 0.05 vs B. atrox venom.

https://doi.org/10.1371/journal.pone.0211229.g006
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Tissue reactions and effects from Bothrops snakebites, such as edema, hemorrhage and

necrosis, are directly correlated with toxins’ enzymatic actions, mainly the proteolytic activity

[7, 45–47]. For example, it is proposed that one of their targets is the basal lamina, on the struc-

tural proteins from the vascular wall and endothelial cells, such as the integrins, causing vessel

disruption and hemorrhage. These proteolytic enzymes are altogether named snake venom

metalloproteases (SVMPs) [46, 47]. The presence of SVMPs is well documented in Bothrops
venoms, e.g. by hydrolysis of casein or collagen in vitro, and the results found in the present

study are in agreement with the hemorrhagic effect observed in the mouse skin in vivo. Fur-

thermore, as collagenases, they act by inducing basal lamina disruption, leading to angior-

rhexis, blood extravasation and hemorrhage [45, 46, 48–51].

The results just presented showed that the proteolytic and the collagenase activities were

antagonized by the lapachol analog 3a in vitro, as well as the skin hemorrhage induced by both

B. jararaca and B. atrox venoms. We ascribe the protective effect of lapachol analogue 3a in

the skin to inhibition of proteolytic and collagenase activities. Thus, this compound may have

prevented the vessel degradation by protecting the basal lamina from the venom. It is relevant

to emphasize the inhibition of skin hemorrhage, because this effect is considered a frequent

and serious manifestation of viperidae snakebite envenoming [7, 51,52].

Fig 7. Effect of analogue 3a on B. atrox venom myotoxicity in vitro, and lapachol and its analogues 3a and 3b in vivo. Panel A shows EDL muscle

superfused with B. atrox venom (25 μ/mL) alone or associated with analogue 3a (300 μM) (n = 4). Two-Way ANOVA Bonferroni’s post-hoc test.

Panel B shows plasma CK 2 h after i.m. injection (0.1 mL) of B. atrox venom (V) alone or associated with lapachol (1), analogue 3a or 3b (30 mg/kg)

(n = 5). One-way ANOVA Dunnett’s post-hoc test.

https://doi.org/10.1371/journal.pone.0211229.g007
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As well as proteolytic toxins, phospholipase A2 (PLA2) toxins are present in the snake

venom composition, and when injected in the prey, usually in large muscles or subcutane-

ously, they cause a range of pathological effects including edema and myonecrosis. Some PLA2

toxins, mainly the Lys-49, named cationic myotoxins, act specifically disrupting the sarco-

lemma on skeletal muscles causing extensive damage [7, 53, 54]. Besides, edema is a major

effect of Bothrops venoms, which may be explained by the inflammatory process initiated by

toxins with PLA2 activity, which catalyzes the hydrolysis of cellular phospholipids to generate

arachidonic acid and lysophospholipid, unleashing the formation of pro-inflammatory eicosa-

noids [23, 55–57]. Along with tissue damage, edema can be severe enough to cause functional

loss or even compartmental syndrome [7, 58]. Therefore both myotoxicity and edema forma-

tion are largely related to PLA2 activity. The current study showed that compound 3a partially

antagonized the B. atrox PLA2 and edematogenic activities, but not myotoxicity in mice. A

possible explanation is that this partial antiedematogenic effect could be related to its anti-pro-

teolytic activity, somewhat protecting the vessels basal lamina, while being only slightly due to

its weak anti-PLA2 activity, which, in turn, presumably explains the lack of anti-myotoxic

activity. This phenomenon helps to explain the complexity of pharmacological effects of snake

venoms. Probably the best medicine against snakebites will have to likewise be a pool of sub-

stances, besides the antivenom currently used.

Fig 8. Effect of analogue 3a on B. atrox venom procoagulant activity and clotting time. Data show the time spent

for mice blood collected in a capillary previously containing venom alone or associated with analogue 3a to clot

(n = 8–11). One-way ANOVA Dunnett’s post-hoc test.

https://doi.org/10.1371/journal.pone.0211229.g008
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In summary, vascular dysfunctions leading to edema and hemorrhage is thought to be pre-

sumably metalloproteinase-derived, just like collagenases from bacteria, for instance [59, 60].

In addition, metalloprotease damage is also due to their pro-inflammatory action and to local

ischemia arising from reduction of blood supply following the damage of the microvasculature

[46, 61]. Different from its synthetic analog 3a, the natural compound lapachol did not reduce

the edema induced by B. atrox venom, although it presents some anti-inflammatory proper-

ties, which has been shown in carrageenan inflammatory model [62]. Regalado and coworkers

(2015) [63] have demonstrated an anti-inflammatory activity of the methanol extract of the

stems of Tabebuia hypoleuca in carrageenan-induced mice edema, which contains lapachol. In

the present experiments lapachol and compound 3a had a slight effect on B. atrox PLA2 activ-

ity, as other analogues compounds. The carrageenan inflammatory model demonstrates that

inflammation involves local autacoid effects, nitric oxide mediation, ciclooxigenase activation,

inflammatory cell and cytokines, and can be prevented by COX inhibitors [64–66]. Overall,

the current data suggest that the aforementioned naphthoquinones, structurally related to

lapachol, act mainly as potential anti-proteolytic agents.

It became clear that the aryl substitution (compound 3) improved the ability of lapachol

in inhibiting enzymatic activities. From these results it was shown that the best substrate was

the 2-hydroxy-3-arylnaphthalene-1,4-dione with no substitution pattern (3a), once it also

antagonized edema formation and skin hemorrhage. Otherwise, the substitution of hydroxyl

group in naphtoquinone by OCONEt2 (analogues 2 and 4a-4d) abolish their antienzymatic

activities.

Together, the present results are in agreement with ethnobotanical studies showing that

Tabebuia aurea, which contain lapachol, has been used as anti-inflammatory and antiophydic

tool in folk medicine [67, 68]. The lapachol analogues, mainly the 3a, could help in the devel-

opment of a drug with potential therapeutic applications, although further studies are needed,

particularly with isolated toxins from the crude venoms which will allow for a better under-

standing and subsequent application of such compounds. Another feasible application of these

compounds with anti-enzymatic activity is that they could help with anticancer drug research.

It is noteworthy that some studies reported that a large number of metalloproteinases from

cancer cells are involved in the degradation and remodeling process of the extracellular matrix,

leading to tumor expansion. Many inhibitors are being designed and clinically tested [69–71].

This investigation using the snake venom as a model of enzymatic approach, either in vitro or

in vivo, provides an opportunity to show that they are invaluable research tools, allowing for

the testing of natural or synthetic compounds with promising enzymatic inhibition properties.

Conclusion

In summary, some newly synthesized lapachol analogues exhibit a range of significant inhibi-

tion of enzymatic activities, suggesting potential therapeutic value against the local effects of

crotalid venoms.
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28. Buarque CD, Militão GC, Lima DJ, Costa-Lotufo LV, Pessoa C, de Moraes MO,et al. Pterocarpanqui-

nones, aza-pterocarpanquinone and derivatives: Synthesis, antineoplasic activity on human malignant

cell lines and antileishmanial activity on Leishmania amazonenses. Bioorg Med Chem. 2011; 19

(22):6885–6891. Epub 2011/11/15. https://doi.org/10.1016/j.bmc.2011.09.025 PMID: 22000949.

29. Da Silva AJ, Buarque CD, Brito FV, Aurelian L, Macedo LF, Malkas LH,et al. Synthesis and Preliminary

Pharmacological Evaluation of New (+/-) 1,4-Naphthoquinones Structurally Related to Lapachol. Bioorg

Med Chem. 2002; 10(8):2731–2738. PMID: 12057662.

30. Epifano F, Genovese S, Fiorito S, Mathieu V, Kiss R. Lapachol and its congeners as anticancer agents:

a review. Phytochem Rev. 2014; 13(1):37–49. Epub 2013/04/13. https://doi.org/10.1007/s11101-013-

9289-1

31. Gomes SLS, Militão GC, Costa AM, Pessoa CO, Costa-Lotufo LV, Cunha-Junior EF,et al. Suzuki-

Miyaura Coupling between 3-Iodolawsone and Arylboronic Acids. Synthesis of Lapachol Analogues

with Antineoplastic and Antileishmanial Activities. J. Braz. Chem. Soc. 2017; 28(8):1573–1584. Epub

2016/12/20. https://doi.org/10.21577/0103-5053.20160326

Lapachol and analogues against snake venom

PLOS ONE | https://doi.org/10.1371/journal.pone.0211229 January 28, 2019 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/1471738
https://doi.org/10.1016/C2013-0-10436-9
http://www.ncbi.nlm.nih.gov/pubmed/12686445
https://doi.org/10.1016/j.jep.2004.12.014
http://www.ncbi.nlm.nih.gov/pubmed/15763360
https://doi.org/10.1016/j.jep.2007.04.002
http://www.ncbi.nlm.nih.gov/pubmed/17540522
https://doi.org/10.1016/j.jep.2004.12.028
https://doi.org/10.1016/j.jep.2004.12.028
http://www.ncbi.nlm.nih.gov/pubmed/15763387
https://doi.org/10.1016/j.jep.2009.03.025
http://www.ncbi.nlm.nih.gov/pubmed/19429384
https://doi.org/10.1016/j.jep.2014.05.056
http://www.ncbi.nlm.nih.gov/pubmed/24952279
http://www.ncbi.nlm.nih.gov/pubmed/8079371
http://www.ncbi.nlm.nih.gov/pubmed/2799833
https://doi.org/10.1016/j.toxicon.2013.01.023
http://www.ncbi.nlm.nih.gov/pubmed/23416798
https://doi.org/10.1016/j.jep.2012.10.033
http://www.ncbi.nlm.nih.gov/pubmed/23123799
https://doi.org/10.1016/j.jep.2008.10.004
https://doi.org/10.1016/j.jep.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18992801
https://doi.org/10.3998/ark.5550190.0008.204
https://doi.org/10.1016/j.bmc.2011.09.025
http://www.ncbi.nlm.nih.gov/pubmed/22000949
http://www.ncbi.nlm.nih.gov/pubmed/12057662
https://doi.org/10.1007/s11101-013-9289-1
https://doi.org/10.1007/s11101-013-9289-1
https://doi.org/10.21577/0103-5053.20160326
https://doi.org/10.1371/journal.pone.0211229


32. Garcia ES, Guimarães JA, Prado JL. Purification and characterization of a sulfhydryl-dependent prote-

ase from Rhodnius prolixus midgut. Arch Biochem Biophys. 1978; 188(2):315–322. PMID: 28087.

33. Chavira R Jr, Burnett TJ, Hageman JH. Assaying proteinases with azocoll. Anal Biochem. 1984, 136

(2):446–450. PMID: 6426343.

34. Monteiro-Machado M, Tomaz MA, Fonseca RJ, Strauch MA, Cons BL, Borges PA,et al. Occurrence of

sulfated fucose branches in fucosylated chondroitin sulfate are essential for the polysaccharide effect

preventing muscle damage induced by toxins and crude venom from Bothrops jararacussu snake. Toxi-

con 2015; 98:20–33. https://doi.org/10.1016/j.toxicon.2015.02.010 PMID: 25702961.

35. Marinetti GV. The action of phospholipase A on lipoproteins. Biochim Biophys Acta. 1965; 98(3):554–

565. PMID: 5891200.

36. Melo PA, Suarez-Kurtz G. Release of creatine kinase from skeletal muscle by Bothrops venoms: hepa-

rin potentiation of inhibition by antivenim. Braz J Med Biol Res. 1988; 21(3):545–548. PMID: 3228636.

37. Melo PA, Homsi-Brandeburgo MI, Giglio JR, Suarez-Kurtz G. Antagonism of the myotoxic effects of

Bothrops jararacussu venom and Bothropstoxin by polyanions. Toxicon 1993; 31(3):285–291. PMID:

8470133.

38. Melo PA, Suarez-Kurtz G. Release of sarcoplasmic enzymes from skeletal muscle by Bothrops jarara-

cussu venom: antagonism by heparin and by the serum of South American marsupials. Toxicon 1988;

26(1):87–95. PMID: 3347934.

39. Lee RI, White PD. A clinical study of the coagulation time of blood. Am J Med Sci. 1913; 145(4):495–

503.

40. Newman DJ. The Influence of Brazilian Biodiversity on Searching for Human Use Pharmaceuticals. J.

Braz. Chem. Soc. 2017; 28(3):402–414. Epub 2016/10/25. https://doi.org/10.21577/0103-5053.

20160284

41. Driscoll JS, Hazard GF Jr, Wood HB Jr, Goldin A. Structure-antitumor activity relationships among qui-

none derivatives. Cancer Chemother Rep 2 1974; 4(2):1–362. PMID: 4856629.

42. Pereira NA, Pereira BM, do Nascimento MC, Parente JP, Mors WB. Pharmacological screening of

plants recommended by folk medicine as snake venom antidotes; IV. Protection against jararaca

venom by isolated constituents. Planta Medica 1994; 60(2):99–100. PMID: 8202573.

43. Da Silva AJM, Melo PA, Silva NM, Brito FV, Buarque CD, de Souza DV,et al. Synthesis and Preliminary

Pharmacological Evaluation of Coumestans with Different Patterns of Oxygenation. Bioorg Med Chem.

2001; 11(3):283–286. Epub 2001/02/12. PMID: 11212092.

44. Melo PA, Pinheiro DA, Ricardo HD, Fernandes FF, Tomaz MA, El-Kik CZ,et al. Ability of a synthetic

coumestan to antagonize Bothrops snake venom activities. Toxicon 2010; 55(2–3):488–496. https://

doi.org/10.1016/j.toxicon.2009.09.021 PMID: 19883675.

45. Gutiérrez JM, Rucavado A. Snake venom metalloproteinases: their role in the pathogenesis of local tis-

sue damage. Biochimie 2000; 82(9–10):841–850. PMID: 11086214.

46. Gutiérrez JM, Escalante T, Rucavado A, Herrera C, Fox JW. A Comprehensive View of the Structural

and Functional Alterations of Extracellular Matrix by Snake Venom Metalloproteinases (SVMPs): Novel

Perspectives on the Pathophysiology of Envenoming. Toxins 2016; 8(10):e304. Epub 2016/10/22.

https://doi.org/10.3390/toxins8100304 PMID: 27782073.

47. Gutiérrez JM, Escalante T, Rucavado A, Herrera C. Hemorrhage Caused by Snake Venom Metallopro-

teinases: A Journey of Discovery and Understanding. Toxins 2016; 8(4):93. Epub 2016/03/26. https://

doi.org/10.3390/toxins8040093 PMID: 27023608.

48. Kamiguti AS, Cardoso JL, Theakston RD, Sano-Martins IS, Hutton RA, Rugman FP,et al. Coagulation

and haemorrage victims of Bothrops jararaca envenoming in Brazil. Toxicon 1991; 29(8):961–972.

PMID: 1949067.

49. Otero R, Gutiérrez J, Beatriz Mesa M, Duque E, Rodrı́guez O, Luis Arango J,et al. Complications of

Bothrops, Porthidium, and Bothriechis snakebites in Colombia. A clinical andepidemiological study of

39 cases attended in a university hospital. Toxicon 2002; 40(8):1107–1114. PMID: 12165312.

50. Watanabe L, Shannon JD, Valente RH, Rucavado A, Alape-Girón A, Kamiguti AS, et al. Amino acid

sequence and crystal structure of BaP1, a metalloproteinase from Bothrops asper snake venom that

exerts multiple tissue-damaging activities. Protein Sci. 2003; 12(10):2273–2281. https://doi.org/10.

1110/ps.03102403 PMID: 14500885.

51. Baldo C, Lopes DS, Faquim-Mauro EL, Jacysyn JF, Niland S, Eble JA,et al. Jararhagin disruption of

endothelial cell anchorage is enhanced in collagen enriched matrices. Toxicon 2015; 108:240–248.

Epub 2015/12/15. https://doi.org/10.1016/j.toxicon.2015.10.016 PMID: 26528579.

52. Warrell DA. Snakebites in Central and South America: epidemiology, clinical features, and clinical man-

agement, in: Campbell JA, Lamar WW (Eds.). The venomous reptiles of the Western Hemisphere

2004:[870p.], Ithaca: Comstock Publishing Associates, 2 Vol.

Lapachol and analogues against snake venom

PLOS ONE | https://doi.org/10.1371/journal.pone.0211229 January 28, 2019 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/28087
http://www.ncbi.nlm.nih.gov/pubmed/6426343
https://doi.org/10.1016/j.toxicon.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/25702961
http://www.ncbi.nlm.nih.gov/pubmed/5891200
http://www.ncbi.nlm.nih.gov/pubmed/3228636
http://www.ncbi.nlm.nih.gov/pubmed/8470133
http://www.ncbi.nlm.nih.gov/pubmed/3347934
https://doi.org/10.21577/0103-5053.20160284
https://doi.org/10.21577/0103-5053.20160284
http://www.ncbi.nlm.nih.gov/pubmed/4856629
http://www.ncbi.nlm.nih.gov/pubmed/8202573
http://www.ncbi.nlm.nih.gov/pubmed/11212092
https://doi.org/10.1016/j.toxicon.2009.09.021
https://doi.org/10.1016/j.toxicon.2009.09.021
http://www.ncbi.nlm.nih.gov/pubmed/19883675
http://www.ncbi.nlm.nih.gov/pubmed/11086214
https://doi.org/10.3390/toxins8100304
http://www.ncbi.nlm.nih.gov/pubmed/27782073
https://doi.org/10.3390/toxins8040093
https://doi.org/10.3390/toxins8040093
http://www.ncbi.nlm.nih.gov/pubmed/27023608
http://www.ncbi.nlm.nih.gov/pubmed/1949067
http://www.ncbi.nlm.nih.gov/pubmed/12165312
https://doi.org/10.1110/ps.03102403
https://doi.org/10.1110/ps.03102403
http://www.ncbi.nlm.nih.gov/pubmed/14500885
https://doi.org/10.1016/j.toxicon.2015.10.016
http://www.ncbi.nlm.nih.gov/pubmed/26528579
https://doi.org/10.1371/journal.pone.0211229


53. Murakami MT, Arruda EZ, Melo PA, Martinez AB, Calil-Elias S, Tomaz MA,et al. Inhibition of Myotoxic

Activity of Bothrops asper Myotoxin II by the Anti-trypanosomal Drug Suramin. J Mol Biol. 2005; 350

(3):416–426. Epub 2005/07/15. https://doi.org/10.1016/j.jmb.2005.04.072 PMID: 15961104.

54. Montecucco C, Gutiérrez JM, Lomonte B. Cellular pathology induced by snake venom phospholipase

A2 myotoxins and neurotoxins: common aspects of their mechanisms of action. Cell Mol Life Sci. 2008;

65(18):2897–2912. Epub 2005/07/15. https://doi.org/10.1007/s00018-008-8113-3 PMID: 18563294.

55. Kini RM, Evans HJ. A model to explain the pharmacological effects of snake venom phospholipases A2.

Toxicon 1989; 27(6):613–635. PMID: 2665186

56. Narendra Sharath Chandra JN, Ponnappa KC, Sadashiva CT, Priya BS, Nanda BL, Gowda TV,et al.

Chemistry and Structural Evaluation of Different Phospholipase A2 Inhibitors in Arachidonic Acid Path-

way Mediated Inflammation and Snake Venom Toxicity. Curr Top Med Chem. 2007; 7(8): 787–800.

PMID: 17456042.

57. Rojas E, Quesada L, Arce V, Lomonte B, Rojas G, Gutiérrez JM. Neutralization of four Peruvian

Bothrops sp. snake venoms by polyvalent antivenoms produced in Peru and Costa Rica: preclinical

assessment. Acta Trop. 2005; 93(1):85–95. https://doi.org/10.1016/j.actatropica.2004.09.008 PMID:

15589801.

58. Anz AW, Schweppe M, Halvorson J, Bushnell B, Sternberg M, Andrew Koman L. Management of ven-

omous snakebite injury to the extremities. J Am Acad Orthop Surg. 2010; 18(12):749–759. PMID:

21119141.

59. Legat FJ, Griesbacher T, Lembeck F. Mediation by bradykinin of rat paw oedema induced by collage-

nase from Clostridium histolyticum. Br J Pharmacol. 1994; 112(2):453–460. PMID: 7915609.

60. Kohlhoff M, Borges MH, Yarleque A, Cabezas C, Richardson M, Sanchez EF. Exploring the proteomes

of the venoms of the Peruvian pit vipers Bothrops atrox, B. barnetti and B. pictus. J Proteomics. 2012;

75(7):2181–2195. Epub 2012/04/03. https://doi.org/10.1016/j.jprot.2012.01.020 PMID: 22300577.

61. Toschi E, Barillari G, Sgadari C, Bacigalupo I, Cereseto A, Carlei D,et al. Activation of matrix-metallo-

proteinase-2 and membrane-type-1-matrix-metalloproteinase in endothelial cells and induction of vas-

cular permeability in vivo by human immunodeficiency virus-1 Tat protein and basic fibroblast growth

factor. Mol Biol Cell. 2001; 12(10):2934–2946. https://doi.org/10.1091/mbc.12.10.2934 PMID:

11598182.

62. De Almeida ER, da Silva Filho AA, dos Santos ER, Lopes CA. Antiinflammatory action of lapachol. J

Ethnopharmacol. 1990; 29(2):239–241. PMID: 2374436.

63. Regalado AI, Sánchez LM, Mancebo B. Anti-inflammatory activity of the methanolic extracts of leaves

and stems from Tabebuia hypoleuca (C. Wright) Urb. J Pharm Pharmacogn Res. 2015; 3(5):109–117.

Epub 2015/01/01.

64. Salvemini D, Wang ZQ, Wyatt PS, Bourdon DM, Marino MH, Manning PT, et al. Nitric oxide: a key medi-

ator in the early and late phase of carrageenan-induced rat paw inflammation. Br J Pharmacol. 1996;

118(4):829–838. PMID: 8799551.

65. Seibert K, Zhang Y, Leahy K, Hauser S, Masferrer J, Perkins W,et al. Pharmacological and biochemical

demonstration of the role of cyclooxygenase 2 in inflammation and pain. Proc Natl Acad Sci U S A.

1994; 91(25):12013–12017. PMID: 7991575.

66. Souto AL, Tavares JF, da Silva MS, Diniz Mde F, de Athayde-Filho PF, Barbosa Filho JM. Anti-inflam-

matory activity of alkaloids: an update from 2000 to 2010. Molecules. 2010; 16(10):8515–8534. Epub

2011/10/11. https://doi.org/10.3390/molecules16108515 PMID: 21989312.

67. Barbosa-Filho JM, Lima CS, Amorim EL, de Sena KX, Almeida JR, da-Cunha EV,et al. Botanical study,

phytochemistry and antimicrobial activity of Tabebuia aurea. Phyton. 2004; 73:221–228.

68. Reis FP, Senna Bonfa IM, Cavalcante RB, Okoba D, de Souza Vasconcelos SB, Candeloro L,et al.

Tabebuia aurea decreases inflammatory, myotoxic and hemorrhagic activities induced by the venom of

Bothrops neuwiedi. J Ethnopharmacol. 2014; 158 Pt A:352–357. Epub 2014/12/02. https://doi.org/10.

1016/j.jep.2014.10.045 PMID: 25446588.

69. Nagase H, Visse R, Murphy G. Structure and function of matrix metalloproteinases and TIMPs. Cardio-

vasc Res. 2006; 69(3):562–573. Epub 2006/02/15. https://doi.org/10.1016/j.cardiores.2005.12.002

PMID: 16405877.

70. Stetler-Stevenson WG, Aznavoorian S, Liotta LA. Tumor-cell interactions with the extracellular-matrix

during invasion and metastasis. Ann Rev Cell Biol. 1993; 9:541–573. https://doi.org/10.1146/annurev.

cb.09.110193.002545 PMID: 8280471.

71. Rı́os-Luci C, Bonifazi EL, León LG, Montero JC, Burton G, Pandiella A,et al. Beta-Lapachone analogs

with enhanced antiproliferative activity. Eur J Med Chem. 2012; 53:264–274. https://doi.org/10.1016/j.

ejmech.2012.04.008 PMID: 22560628.

Lapachol and analogues against snake venom

PLOS ONE | https://doi.org/10.1371/journal.pone.0211229 January 28, 2019 18 / 18

https://doi.org/10.1016/j.jmb.2005.04.072
http://www.ncbi.nlm.nih.gov/pubmed/15961104
https://doi.org/10.1007/s00018-008-8113-3
http://www.ncbi.nlm.nih.gov/pubmed/18563294
http://www.ncbi.nlm.nih.gov/pubmed/2665186
http://www.ncbi.nlm.nih.gov/pubmed/17456042
https://doi.org/10.1016/j.actatropica.2004.09.008
http://www.ncbi.nlm.nih.gov/pubmed/15589801
http://www.ncbi.nlm.nih.gov/pubmed/21119141
http://www.ncbi.nlm.nih.gov/pubmed/7915609
https://doi.org/10.1016/j.jprot.2012.01.020
http://www.ncbi.nlm.nih.gov/pubmed/22300577
https://doi.org/10.1091/mbc.12.10.2934
http://www.ncbi.nlm.nih.gov/pubmed/11598182
http://www.ncbi.nlm.nih.gov/pubmed/2374436
http://www.ncbi.nlm.nih.gov/pubmed/8799551
http://www.ncbi.nlm.nih.gov/pubmed/7991575
https://doi.org/10.3390/molecules16108515
http://www.ncbi.nlm.nih.gov/pubmed/21989312
https://doi.org/10.1016/j.jep.2014.10.045
https://doi.org/10.1016/j.jep.2014.10.045
http://www.ncbi.nlm.nih.gov/pubmed/25446588
https://doi.org/10.1016/j.cardiores.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16405877
https://doi.org/10.1146/annurev.cb.09.110193.002545
https://doi.org/10.1146/annurev.cb.09.110193.002545
http://www.ncbi.nlm.nih.gov/pubmed/8280471
https://doi.org/10.1016/j.ejmech.2012.04.008
https://doi.org/10.1016/j.ejmech.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22560628
https://doi.org/10.1371/journal.pone.0211229

